Abstract: We demonstrate both theoretically and experimentally that the surface plasmon polaritons supported by a metal-dielectric nanocomposite film have properties that fall into one of three distinct categories depending on the metal fill fraction. Surface plasmon polaritons (SPPs) are electromagnetic modes that arise from the interaction between light and the mobile conduction electrons on the interface between a metal and a dielectric. SPPs have extremely useful applications for sensing, localized excitations of transitions, nano-scale integrated photonic circuits, etc. Meanwhile, artificially synthesized nanocomposite periodic or random materials have recently attracted a great amount of interest because of their controllable linear and nonlinear dielectric properties [1, 2], which are not available in naturally occurring materials. In this paper, we study the properties of SPPs supported on the interface(s) between dielectric media and a metal-dielectric nanocomposite material.
Surface plasmon polaritons (SPPs) are electromagnetic modes that arise from the interaction between light and the mobile conduction electrons on the interface between a metal and a dielectric. SPPs have extremely useful applications for sensing, localized excitations of transitions, nano-scale integrated photonic circuits, etc. Meanwhile, artificially synthesized nanocomposite periodic or random materials have recently attracted a great amount of interest because of their controllable linear and nonlinear dielectric properties [1, 2] , which are not available in naturally occurring materials. In this paper, we study the properties of SPPs supported on the interface(s) between dielectric media and a metal-dielectric nanocomposite material.
When the size of features of the nanocomposite is much less than the optical wavelength, its dielectric properties can be described using the effective medium theory. One theory that models the effective dielectric permittivity eff of a metal-dielectric nanocomposite for all values of the metal fill fraction is the Bruggeman theory, which is valid for frequencies far away from the localized plasmon resonance of the nanocomposite. At the wavelength of 1550 nm, the effective dielectric permittivity of a gold-air nanocomposite film, calculated using the Bruggemman theory modified to take into account the two-dimensional geometry, as a function of the gold fill fraction f is plotted in Fig. 1(a) . One sees from the figure that between the 'dielectric' and the 'metallic' regimes (approximately corresponding to f < 0.4 and f > 0.6, respectively), there is a 'lossy' regime approximately for 0.4 < f < 0.6, in which the real part of eff is very small but the imaginary part is very large. These high losses are mainly due to the scattering off the complex structures that appear in the nanocomposite in the vicinity of the percolation threshold rather than to material losses.
We consider the excitation of a SPP in the Kretschmann configuration, in which the metal (nanocomposite) film is sandwiched between a semi-infinite air region and a glass prism. When the incident beam from the prism reflects at the glass-metal interface, an evanescent field penetrates through the nanocomposite film and excites the SPP mode on the air-nanocomposite interface. When the wave-number of the incident beam along the interface matches that of the SPP supported by the sandwich structure, the SPP mode can be efficiently excited, which then leads to a significant drop in the reflected energy. Thus, by measuring the reflectance as a function of the incidence angle, one can determine the propagation constant of the SPP mode according to the angular position of the dip. Furthermore, the width of the dip contains information about the imaginary part of the propagation constant of the SPP mode. Typically a wider dip indicates a larger propagation loss.
We calculated the reflectance from a gold-air nanocomposite film, modeled as a Bruggeman nanocomposite, under the Kretschmann configuration using the transfer matrix treatment. The reflectance for the TM polarization as a function of the incidence angle (the horizontal axis) and the gold fill fraction f (the vertical axis) is plotted in Fig. 1(b) . One sees that, for different values of f , the reflectance shows behaviors that falls into one of three distinct regimes. In the 'dielectric' regime, in which f is approximately less than 0.4, the nanocomposite film has the property of a dielectric, which gives high reflectivity for incidence angles larger than the critical angle θ c , which is approximately 43.4
• in our case. In the 'metallic' regime, in which f is approximately larger than 0.6, the nanocomposite has the general property of a metal. As f decreases, the mode index of the supported SPP increases (as the center of the dip shifts towards larger incidence angle), and the associated propagation loss increases because the proportion of the SPP field energy in the metal layer increases. In the 'lossy' regime, however, the dip suddenly becomes very broad and the reflectance of the TE polarization (not shown here) is also greatly reduced.
To better understand the reflectance behaviors in the three regimes, we also calculated numerically all the SPP modes [3] supported by the air-nanocomposite-glass sandwich structure. When the nanocomposite film is in the 'metallic' regime, only one leaky mode can be efficiently excited using the Kretschmann configuration. However, when the nanocomposite film is in the 'lossy' regime, up to three surface modes can be excited, and the broad dip as shown in Fig. 1(b) is caused by the excitation of all three of them. In such cases, the center of the broad dip no longer indicates the wave vector of any specific SPP mode.
In order to verify these predictions, we measured the reflectance for both polarizations of a collection of gold-air nanocomposite films with different values of gold fill fraction in the Kretschmann configuration at the wavelength of 1550 nm. The samples are fabricated using pulsed laser deposition and sputtering. One sees from Fig. 1(c) that the variation of the reflectance curve as the gold fill fraction decreases (from samples #1 to #5) agrees well with our numerical prediction. The first three samples from the top are in the 'metallic' regime, and one sees as f decreases the center of the dip shifts to larger incidence angle and broadens. Sample #4 is in the 'lossy' regime, and both TE and TM polarizations experience low reflectance over a broad range of incidence angle, indicating that such a lossy film supports both TE and TM surface modes. The last sample is in the 'dielectric' regime, for which the reflectance is high for both polarizations as a consequence of total-internal-reflection.
In summary, we have demonstrated both theoretically and experimentally that by designing properly the metal fill fraction, a metal-dielectric nanocomposite film can support SPPs of very different properties. Such metal-dielectric nanocomposite films can have important applications such as dispersion engineering, highly efficient absorbers, etc.
